Objective To assess the risk of epileptic seizures in people with and without epilepsy after vaccination with a monovalent AS03 adjuvanted pandemic A/H1N1 influenza vaccine (Pandemrix; Glaxo SmithKline, Sweden).
Introduction
Despite an increasing success of immunisation systems, concerns about the safety of vaccination have increased. Perceived safety issues that have been in public focus in the past decades have included disorders within the autistic spectrum 1 2 or the neurological events after vaccination against pertussis. 3 The 13th pandemic pharmacovigilance report 4 by the European Medicines Agency (EMA) contains 10 326 case reports received by EudraVigilance, a data processing network and management system for reporting and evaluating suspected adverse reactions during the development and after the marketing authorisation of medicinal products in the European Economic Area, after vaccination with Pandemrix (Glaxo SmithKline, Sweden), one of the four authorised pandemic vaccines. It was estimated that at least 30.4 million people were vaccinated with Pandemrix during the 2009-10 A/H1N1PDM09 pandemic. Most reported adverse events (almost 7000) were classified as general disorders and among these about 5000 cases were classified as gastrointestinal and nervous disorders. Across Europe there were 38 cases of seizures with fatal outcome in patients known to have epilepsy. Although no conclusion about a causal relation could be drawn, the reported cases merited further investigation. Vaccination against H1N1 was associated with several neurological events such as Guillain-Barré syndrome 5 and has been associated with risk of narcolepsy. 6 7 When a person has two or more unprovoked seizures, that person is considered to have epilepsy. 8 In Sweden, people with severe epilepsy are advised to be vaccinated against flu as the risk of seizure and status epilepticus are increased during infection. Vaccination against H1N1 flu with Pandemrix started out in October 2009 and was offered to the general population free of charge. This is in contrast with the seasonal flu vaccine, which is free only for those aged over 65. The National Board of Health in Sweden recommended that everybody should be vaccinated against pandemic H1N1 flu and the vaccination coverage was at least 60%. The yearly coverage of the seasonal flu vaccine is about 10-15% and is rare in children and in the healthy population. Since the start of the vaccination campaign, three counties registered all their vaccinations in a vaccination register. We assessed the risk of presenting to hospital with epileptic seizures after vaccination.
Methods

Study population
Three counties in Sweden-Värmland, Kalmar and Norrbotten-with a source population of 750 000 used the Swedish vaccination register (SVEVAC) for registration of H1N1 vaccination. Between October 2009 and May 2010, 373 398 people in the three counties were vaccinated. It was recommended that adults would be given one dose of the vaccine and children two doses. Most vaccinations occurred during a two month period from 19 October to 20 December 2009. Outside this period there were few vaccinations.
For the analysis in this population based retrospective study, we identified two study cohorts according to recorded epilepsy from all vaccinated individuals (n=373 398) identified from the vaccination register until May 2010 ( fig 1⇓) . People who died or moved outside the counties were excluded from the study. We used regional patient registers of inpatient and outpatient hospital care in the three counties to identify individuals with primary diagnosis of epilepsy using ICD-10 (international classification of diseases, 10th revision) codes G40 and G41. We did not have access to data on visits to primary healthcare. Apart from the patient registers, however, we also used data on prescription of antiepileptic drugs (ATC=N03A) from the national Swedish drug prescription register during the corresponding period. Linkage between the patient register, the prescription register, and vaccination register was possible through the unique personal identification number that is maintained for all Swedish residents. 9 We created two cohorts with (n=7787) and without (n=356 611) epilepsy, according to the diagnosis of epilepsy or prescription of antiepileptic drugs within one year before the control period before vaccination ( fig 1⇓) . In both cohorts, we identified all admissions to hospital for epilepsy (ICD-10 codes G40 and G41) from three months (90 days) before until three months (90 days) after any dose of vaccine ( fig 2⇓) . For an additional analysis, we also identified all admissions for febrile seizures (ICD-10 code R56). For people who received two doses of vaccine (n=504 and 55 447 in the cohorts with and without epilepsy, respectively), the risk and control periods were defined after each of the two doses. The risk period after dose 1 was censored at the time of dose 2 if there was a second dose less than 30 days after the first dose of vaccination.
Case definition
In the people with and without recorded epilepsy we determined how many in each cohort had at least one epileptic seizure recorded in the patient register any time from 90 days before vaccination to 90 days after to create two subcohorts: people with epilepsy and with seizures, and people without epilepsy but with seizures ( fig 1⇓) . Only people with epileptic seizures were included in these subcohorts. In an additional analysis we used both epileptic and febrile seizures from the patient register as a composite outcome.
Statistical analysis
We calculated the incidence rates of epileptic seizures for both subcohorts as the number of seizures divided by the total number of person years. Recurrent events were assumed to be independent within individuals and therefore included in the calculations. We estimated the corresponding 95% confidence intervals using exact Poisson confidence limits. 10 In the subcohorts we used the self controlled case series (SCCS) method to investigate the associations between vaccination and epileptic seizures in inpatient or outpatient hospital care. This method is based on comparisons of event rates in different periods within each individual's observation time and involves only exposed cases-that is, individuals who have experienced the outcome of interest. 11 The method controls implicitly for all fixed confounders that do not vary over the observation period-for example, genetics, location, socioeconomic status, sex, individual frailty, severity of underlying disease. Fixed effects Poisson regression models were fitted to the data to estimate the relative incidence and corresponding 95% confidence intervals for the epileptic seizure cohort and the non-epileptic seizure cohort. The relative incidences were calculated as the ratio of the incidence rate of epileptic seizures in the risk period(s) to the rate of epileptic seizures in the control period(s). We defined two risk periods: day 1 to day 7, and day 8 to day 30 after vaccination (day 1 being the day of vaccination). These risk periods were compared with a two month control period, comprising 90 to 30 days before vaccination and 31 to 90 days after vaccination ( fig 2⇓) . We also defined a one month buffer period of 30 days to one day before vaccination as seizure rates shortly before vaccination might be artificially lower or higher. Because of the short observation period (six months) we did not include an age effect in the model. In an additional analysis we ran the same models with epileptic and febrile seizures as a composite outcome. Statistical calculations were done in SAS version 9.2, using the SAS macro developed by Whitaker et al.
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Results
The mean age at vaccination was 41 (SD 25); and this did not differ between those with and without epilepsy (data not shown). Most vaccinations in people with epilepsy were done at ages 25-74, while the vaccinations in those without epilepsy were more evenly distributed over ages, except for those over 75 in whom there were fewer vaccinations (table 1⇓) . There was a fairly even distribution between sexes in the two cohorts. The number of seizures by calendar time was fairly evenly distributed over the whole period, with a clear dip at the end of 2009/beginning of 2010.
Five people with epilepsy died within the 90 day period after the last vaccination (median age 57.6, SD 24). In all of these people, death occurred more than one month after the seizure. Two people died within a fortnight after vaccination. Two people without epilepsy died within the study period (aged 77 and 85).
Incidence rate of seizures
We calculated incidence rates of seizures for both cohorts. The incidence rate of epileptic seizures in the cohort with epilepsy was 249 per 1000 person years in the control period before vaccination and slightly lower in the control period after vaccination (229 per 1000 person years) (table 1⇓). In the two risk periods the incidence rate was 258 (day 1-7) and 253 (day 8-30), respectively, per 1000 person years, while it was highest in the buffer period just before vaccination (313 per 1000 person years). The confidence intervals, however, overlapped between periods.
In the cohort without epilepsy the incidence of seizures was considerably lower (range 0.6-1.1 per 1000 person years in the various periods) (table 1⇓) . There was a significant increasing incidence trend over the study period in this cohort (P<0.002). We carried several sensitivity analyses to control for robustness of the main analysis. In one sensitivity analysis we included the buffer period (30-1 days before vaccination) in the model. For those with epilepsy and seizures, there was a significant risk increase during the buffer period compared with the control periods (relative incidence 1.33, 95% confidence interval 1.14 to 1.56), while for those without epilepsy but with seizures this was not the case (1.08, 0.71 to 1.64) (table 2⇓) . Most importantly, however, the relative incidence for any of the risk periods did not change when we included the buffer period in the model, neither for those with or without epilepsy, indicating robust main results.
In a second sensitivity analysis we used only the first control period for comparison with risk periods after vaccination, but took all episodes and doses into account. For those with epilepsy and seizures, the results remained stable compared with the main analysis (table 3⇓) , while for people without epilepsy the risk in the first risk period was equal to unity (relative incidence 0.99, 95% confidence interval 0.39 to 2.53), and for the second risk period showed an increased relative incidence of 1.64, close to significance (95% confidence interval 0.99 to 2.71) (table  3⇓) . To further check the robustness of these results we introduced the second control period as a separate parameter into the model, along with the buffer period. The risk estimates in both risk periods remained stable for both subcohorts (table  3⇓) , while the risk estimate for the second control period was non-significantly decreased for those with epilepsy and seizures (0.89, 0.76 to 1.05), and significantly increased for those without epilepsy but with seizures (1.88, 1.26 to 2.80). Consequently, a (non-significant) risk increase was also indicated for the buffer period (1.56, 0.95 to 2.56) for those without epilepsy but with seizures.
We conducted further sensitivity analyses to assess only the first episode of epileptic seizures and the first dose of vaccine. The results from these analyses did not alter the main result of the study, with one exception-namely, in people without epilepsy who received one dose, there was a non-significantly increased risk in the second risk period (relative incidence 1.41, 95% confidence interval 0.86 to 2.31), while the estimate in the first risk period was close to unity (0.93, 0.34 to 2.53) (data not shown).
Additional analyses with the composite outcome of epileptic and febrile seizures confirmed the results shown in tables 2 and 3.
Discussion
Principal findings
This self control case series study did not indicate any increase in the risk of epileptic seizures diagnosed during inpatient or outpatient hospital care after vaccination with a monovalent AS03 adjuvanted pandemic H1N1 influenza vaccine (Pandemrix). The results remained stable in sensitivity analyses, except when we compared the risk periods with the first control period only in people without epilepsy. The estimate of the second control period itself showed a significantly increased risk compared with the first control period, indicating that the incidence of epileptic seizures among the people without epilepsy was almost doubled in the second compared with the first control period. The estimate in the second risk period was also higher in this group, but not significantly so. It is not surprising that the incidence of epilepsy among those without registered epilepsy tended to increase over the study period, as they were free from epileptic seizures and epileptic drugs within at least one year before the pre-vaccination control period. Therefore the incidence of epileptic seizures would be expected to increase over the study period in this group, from a value of zero at the beginning and a peak at the end of the study period, which is what the results reflect.
As the incidence of seizures shortly before vaccination might be artificially lower or higher, we defined a buffer period of 30 days before vaccination ( fig 1⇓) . Consistent in all analyses, the buffer period immediately before vaccination indicated an increase in risk for those with epilepsy, a result that was unexpected. A possible reason for this could be that people at risk of epileptic seizures tended to get vaccinated. If these people also get an improvement of their drug treatment to avoid further seizures, however, this could bias the estimates of relative incidence towards a false protective effect. On the other hand, it is not inconceivable that people at risk of epileptic seizures would refrain from vaccination if they were concerned that the vaccine could induce such reactions. Most importantly, in all analyses the estimates of relative incidence in the risk periods remained stable when we included the buffer period in the models.
Relation to other studies
Epilepsy as an adverse event after vaccination has been reported after use of pertussis vaccination. 13 14 Relevant studies, however, had inconclusive results regarding this association, as summarised in Shorvon and Berg. 15 The European Medical Agency received notification of seizure with fatal outcome after vaccination with H1N1 vaccine in individuals with epilepsy. 4 Several studies have investigated on the relations between flu vaccines and febrile convulsions and one case report on a 21 year old women. [16] [17] [18] [19] To our knowledge, however, our study is the first population based study on the risk of epileptic convulsion in both adults and children and vaccination against flu that has used healthcare registers instead of a safety monitoring system for identification of adverse advents. [20] [21] [22] Additional analyses of a composite outcome of epileptic and febrile seizures did not alter our main results.
Neurological adverse events were a concern after the H1N1 flu vaccination in 2009 as a sevenfold risk of Guillain-Barré Syndrome during the H1N1 vaccination campaign in 1976 was reported in the United States. 5 Subsequent studies investigating the risk of Guillain-Barré Syndrome and seasonal flu vaccination could not replicate these results. 23 24 More recently, a multinational case-control study in Europe was conducted to study the association between H1N1 vaccination and Guillain-Barré Syndrome, but there was no support for the findings of 1976. 25 During the H1N1 pandemic, however, there was an increase in incidence of narcolepsy in people vaccinated with Pandemrix in Finland and Sweden. 6 7 Considering that various neurological disorders have been shown to be associated with both seasonal and pandemic flu vaccinations it is important to investigate every report.
Strength and weaknesses
The registration of diagnoses in inpatient and outpatient hospital care has been ongoing for many decades and is done routinely in all Swedish counties. The unique Swedish personal identification number has been in use since 1947 and is implemented in all computer aided healthcare systems in Sweden. 9 The number ensures that each individual can be traced in national computer based registers. As this enables large scale population based studies the results presented here should be valid not only for our study population but most probably for all of Sweden.
Confounding is a common and serious problem in studies of adverse events in people who choose to get vaccinated or not. The commonly used observed and expected analysis is prone to selection bias if the risk of underlying disease is different in people who do and do not get vaccinated. The statistical method we used (SCCS) was specifically developed to investigate adverse events after vaccination. 11 As the method is based only on cases, and each individual acts as his or her own control, the method controls implicitly for all confounders that do not vary with time over the observation period, such as genetics, location, socioeconomic status, sex, individual frailty, and severity of underlying disease. In our analyses we did not control for age as the observation period was too short for age to realistically influence the results. The SCCS method is designed to investigate outcomes with a rapid onset, which makes it suitable to study epileptic seizures after vaccination as this is an acute event. The method requires that the probability of exposure is not affected by the occurrence of an outcome, which theoretically could be the case for people with epilepsy. This is the reason why we used a cohort of people without recorded epileptic seizures or drugs for epilepsy for comparison. The results for this comparison group were virtually the same as for the epileptic group.
Several limitations also need to be considered. Firstly, we did not investigate the total incidence of epileptic seizures, but rather relevant inpatient and outpatient visits to hospital. Visits at general practitioners were not assessed. A recent Danish validation study found hospital diagnosis of epilepsy to be 81% correct according to criteria from the International League Against Epilepsy, 26 27 and an earlier study from Stockholm, Sweden, reached a similar result. 28 As the definition of events rests on diagnoses in inpatient and outpatient care, we could have missed events, both in the control and risk periods. If there was a true increase of epileptic seizures after vaccination, they might not have been captured fully given the limitations in our case definition. The incidence of epileptic seizures might then have been underestimated. On the other hand, the current analysis certainly catches the more severe epileptic seizures leading to inpatient or outpatient visits, and missed diagnoses were probably in less severe affected people. To define the cohorts of people with and without epilepsy, we assessed diagnoses of epilepsy and prescription of antiepileptic drugs during one year before the study period. If the entire medical history of people could have been assessed, there might have been some people in the group without epilepsy who could have been included in the epileptic group. Therefore our defined group of people without epilepsy should be seen as an operational definition, and not necessarily from a medical point of view. Finally, our risk estimates were averages over age and sex and do not allow for differences in risk by age and sex.
Despite these limitations, the results of our analyses were robust, and we could not find any sign of an increase in risk of epileptic seizures after vaccination with Pandemrix among people with epilepsy.
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What is already known on this topic
Vaccination against A/H1N1 PDM09 has previously been associated with an increased risk of neurological events such as Guillain-Barré syndrome and is possibly associated with an increased risk of narcolepsy Epileptic seizure have also been reported after vaccination against pertussis
What this study adds
Vaccination against A/H1N1 PDM09 does not seem to be a risk factor for epileptic seizures in people with or without a previous diagnosis of epilepsy Tables   Table 1| Frequency and incidence 
